In this research a composite for printable capacitors using screen printed structures and low temperature curing ferroelectric ink was investigated. The realized ink consisted of 40 vol-% barium titanate in a poly(vinylidenefluoride-trifluoroethylene) matrix. DuPont 
Introduction
In modern electronics, active components play an important role. However, this also has had the effect that the number of passive components needed in applications has greatly increased. Today passive components may cover more than 80 % of the printed area of electric circuit boards; in mobile phones, for example, the ratio of passive to active components is greater than 20:1. This, especially in the case of capacitors, has created a need for smaller, inexpensive and more freely integrated components. In this paper P(VDF-TrFE) -BaTiO3 composite ink for a fully printed low temperature cured capacitor is researched. Instead of conventional extrusion or moulding and hot pressing methods, here the screen printable ink was fabricated through a relatively straight-forward chemical solution process using a specific surfactant. Parallel plate capacitors were printed and measured in order to investigate the microstructure and dielectric properties of the cured composite ink.
Material and methods
The polymer matrix used in the developed composite ink was P(VDF-TrFE) (SolvaySolexis, Belgium) with a molecular ratio of 56/44 because it produced the highest relative permittivity in this copolymer system [17] . BT (Sachtleben, Germany) with an average particle size of 0.2 μm was used as the ceramic filler. The use of particles with 0.2 -0.3 μm size has been reported to ensure a high permittivity in BT -PVDF composites [13] . The BT particles were coated with a surfactant, Malialim® AAB-0851 (NOF Co., Japan). The top and bottom electrodes of the structure were screen printed with a low temperature curable silver ink (5064H, DuPont, USA). The capacitors were printed on alumina (96 % purity, Ceramtec, Germany) to eliminate the mechanical deformation possible in the case of a flexible substrate. Thus the properties of the composite ink could be seen more clearly. For a reference, a pure copolymer sample was fabricated from the P(VDF-TrFE) powder using injection moulding (200°C) and the copper electrodes were laminated (180°C, 4 MPa). The height of the sample and area of the electrodes were 13 μm and 38.5 mm 2 , respectively.
Ink Formulation and Printing
Ceramic particles were milled for 16 hours with surfactant dissolved in acetone and 2- 
Experiments
The crystal structure of the samples was observed with XRD (Discover D8, Bruker) between (2θ) angles of 10 -80°. The BT sample was in powdery form and the composite ink in cured form. The laminated pure copolymer sample was used as a reference. The microstructure of the printed and cured samples was investigated with FESEM (Zigma, Zeiss) on the surface and on the fracture surface. The dielectric properties were measured using an LCR meter (HP 4284A) at room temperature from 100 Hz to 1 MHz and in the temperature range of -30 -100°C at 100 kHz and 1 MHz frequencies with 1 Vpp signal. Figure 2 shows the typical surface (Fig. 2a) and fracture surface (Fig. 2b) 
Results and Discussion

Microstructure
Dielectric properties
The dielectric measurement results (Figure 4a . This might be due to Maxwell-Wagner-Sillars polarization, but the effect is not particularly large with the used loading level and particle size. Figure 4b shows the capacitance value of the device together with its frequency dependence, indicating the potential of this composite for decoupling capacitor applications. It should be kept in mind that only a single layer parallel plate device was realized. However, the dielectric properties of the composite depend on temperature, especially at high temperatures close to the phase transition of the polymer ( Figure 5 ). At lower temperatures, the relative permittivity shows linear regions from -20 to 50°C and from -5 to 45°C at 100 kHz and 1 MHz, respectively, which are about 75 % wider than for the bulk copolymer.
The maximum peak of εr, which relates to the depolarization of the P(VDF-TrFE), has moved to slightly higher temperatures. This might be due to the BT filler, but is almost certainly also due to the effect of the pressure-free and lower temperature fabrication of the composite on the crystallinity of the matrix [10, 16]. The variation of tan δ as a function of temperature is shown in Figure 5b . The dielectric losses of the composite were noticeably lower and more stable at the measured temperatures (solid lines). This is due the properties of the ceramic filler and good densification of the ink in the curing process. The behaviour of tan  as a function of temperature as well as the high temperature peak of εr for the composite follow closely the dielectric characteristics of pure P(VDF-TrFE).
The printed composite showed higher relative permittivity than has been previously reported with the same loading level, while the dielectric losses remain at the same level [8] [9] [10] [11] [12] [13] [14] [15] . This is almost certainly due to the selection of the matrix material and the particle size, and the new fabrication technique including chemical solution processing with specific surfactant and printing which enabled a low agglomeration level and a more uniform distribution of the filler. In future, the stability of dielectric properties as a function of temperature could probably be improved by increasing the amount of VDF in the copolymer. This would increase the phase transition temperature.
However, it is reported that an increase in the amount of PVDF above 55 mol% in PVDF-TrFE blend, will influence to the monomer diad fractions and microstructure of the copolymer, which will notably decrease the permittivity of the matrix polymer and also the overall permittivity of the composite 
Conclusions
A straight-forward low processing temperature method was used to fabricate a fully printable capacitor structure with BT-P(VDF-TrFE) composite ink. The FESEM analyses revealed 0-3 connectivity with a low agglomeration level and uniform distribution of BT particles due to the chemical solution process and special surfactant used. Samples showed high relative permittivity (46) with a linear temperature range of -5 to 45°C at 1 MHz. The temperature dependence of the properties of the polymer matrix was clearly seen in the measurements which showed a much more stable and lower tan  for the composite than for the pure P(VDF-TrFE). As a conclusion, the BT-P(VDF-TrFE) composite was successfully fabricated in ink form for the first time and the developed fully printable capacitor has a good potential for decoupling applications since it enables a free selection of the capacitance value, shape and location, and it is compatible even with flexible substrates.
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